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Abstract
Introduction The subthalamic nucleus (STN) and the
globus pallidus internus (GPi) are the most common
surgical targets for the treatment of Parkinson’s disease.
We studied directionally colored fractional anisotropy (FA)
and diffusion tensor imaging (DTI) sequences to better
target these anatomical regions.
Methods Four patients undergoing stereotactic surgery for
movement disorders were studied. Stereotactic targets and
fiber tractography were determined on MRIs using the
Schaltenbrand–Wahren atlas for definition in the iPlan
software. In addition, post-operative imaging was fused to
preoperative FA sequences for end-result identification.
Axial, sagittal, and coronal images of the FA sequence were
studied. DTI parameters used ranged from 2 to 4 mm for
voxel size in the x/y/z planes, fiber length was kept constant
at 15 mm and FA threshold of 0.25.
Results Colored FA maps resulted in a key signature in and
around the STN and GPi. Regions identified include, but
were not limited to: the internal capsule, nigral projections,
the thalamic fasciculus, Forel’s fields H1 and H2, zona
incerta, suthalamic fasciculus, tegmental tracts, and
cerebello-rubro-thalamic tract.
Conclusions Colored FA maps allow a potential method to
identify the STN and GPi accurately. DTI has proven to be
a powerful tool that can be used to augment identification
of the STN nucleus and GPi used for stereotactic surgery.
Keywords Deep brain stimulation.Diffusion tensor
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Introduction
The subthalamic nucleus (STN) and globus pallidus interna
(GPi) have received much attention in the treatment of
movement disorders because of their efficacious effects
during surgical treatment [3]. The STN and the GPi, on
many magnetic resonance imaging (MRI) sequences can be
ill defined and microelectrode recordings during the
surgical placement are necessary for precise targeting [11,
14]. In addition, stimulation of the region is often necessary
intraoperatively not only for evaluation of efficacy, but also
for evaluation of limiting side-effects.
The application of diffusion tensor magnetic resonance
imaging has enhanced the ability to view anatomical detail
beyond what is seen by conventional MRI or computed
tomography (CT) scans. Indeed, diffusion tensor imaging
(DTI) allows in vivo imaging of fiber tracts in humans [1,
9, 10, 12]. The fractional anisotropic (FA) maps are
typically processed for tractography purposes. In this study,
we studied these “raw” FA images for their anatomic
information to better identify the STN and GPi nuclei.
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directionality. We theorized that this enhanced imaging
would help us better identify the necessary anatomy
required for optimal targeting.
Methods
Of 392 patients who have undergone deep brain stimulation
(DBS) from November 18, 1993 to February 18, 2010, we
retrospectively reviewed four MRI image sets of patients
who underwent DBS for Parkinson’s disease, two with
bilateral GPi and two with bilateral STN. One of these
patients had DTI performed in the 1.5 Tesla Sonata intra-
operative MRI (iMRI) suite and the other three had 3.0 Tesla
MRI. We also selected patients who had improvement of
their symptoms during intraoperative stimulation, had no
significant side-effects on initial placement of electrode with
stimulation, and good follow-up results. Of the eight electro-
des placed, one electrode targeting posteroventral GPi was
moved 4 mm lateral because of motor side effects.
Diffusion tensor, T1, T2, fluid-attenuated inversion
recovery (FLAIR) source imaging acquisition was under-
taken either preoperatively or intraoperatively before
placement of the Leksell stereotactic frame. The Leksell
frame was placed parallel to Raid’s line under sedation. The
one patient who had 1.5 Tesla imaging performed was then
rescanned in the Sonata iMRI suite for frame registration.
The patients with the 3.0 Tesla preoperative MRI were
rescanned with the Leksell frame in place with intra-
operative CT. All stereotactic planning was performed on
BrainLAB’s iStereotaxy 2.6.
The technique of surgery for the STN/GPi target was
standard. After standard sterilization and opening, the patient
was awakened and a microelectrode was used to target the
nucleus depth. After this, the Medtronic 3389 electrode was
placed for STN and Medtronic 3387 was used for GPi. Trial
stimulation was then performed with Medtronic 3628
stimulator at a frequency of 160 Hz (STN), 130 Hz (GPi)
and a pulse width of 90 ms. After adequate clinical response
and appropriate placement, the electrode was secured using a
Navigus cap (Image Guided Technologies, Inc., Boulder,
CO, USA). Post-operative CT or MRI was performed to
check placement of the leads. The implantable pulse
generators were implanted at a later stage, typically about
2 weeks post-operatively. A detailed description of the
stereotactic procedure as well as the imaging acquisition for
targeting has been previously reported [2, 6].
One patient had 12-directional DTIs performed before
frame placement with 1.5T MRI. DTI data was acquired
using single-shot spin-echo echo-planar imaging with TR=
10,000 ms, TE=90 ms, acquisition matrix=128×128 and
field of view=25.6 cm. Slice thickness of 2 mm with no
gap was used. Diffusion-sensitizing gradient encoding was
applied in 12 directions by using a diffusion-weighted
factor b=700 s/mm2, and one image was acquired without
use of a diffusion gradient, i.e., b=0 s/mm2. The DTI
imaging time was approximately 4 min.
Three patients had 3.0T MRI performed, which were 20-
directional DTIs performed before placement of the frame.
DTI data was acquired using single-shot spin-echo echo-
planar imaging with TR=9,100, TE=87 ms, acquisition
matrix=128×128 and field of view=25.6 cm. Slice thickness
of 2 mm with no gap was used. Diffusion-sensitizing gradient
encoding was applied in 12 directions by using a diffusion-
weightedfactorb=1000 s/mm2, and one image was acquired
without use of a diffusion gradient, i.e., b=0 s/mm2. The
DTI imaging time was approximately 3:40 min.
BrainLab’s iPlan Cranial 2.6, Stereotaxy 2.6, or RT 4.1
software was used in all the analyses. Eddy current
correction was used in all patients. Colored FA maps were
used to identify the STN/GPI nucleus and surrounding
structures using the Schaltenbrand–Wahren atlas informa-
tion and MRI sequences such as T1, T2, SPGR, and
FLAIR. Final electrode placement was analyzed post-
operatively and final trajectories were traced based on
artifact location using post-operative MR scans [2]. All
images were automatically fused and manually checked to
confirm appropriate fusion using the software. The STN/
GPI nucleus as defined by the FA map was then compared
to the STN/GPI nucleus as defined by atlas and compared
to the final electrode position.
Axial, coronal, and sagittal images of the colored FA
map were analyzed for identification of consistent anatomy
and structures across patients. A standard color scheme was
used in the BrainLAB software to encode the FA maps,
with blue indicating superior–inferior, red indicating trans-
verse, and green indicating anterior–posterior. When key
characteristics were identified, they were marked using the
object creation tool. Anatomic correlation between these
regions was then studied with the atlas as well as other MRI
images. Fiber tractography was finally used in key regions
of interest to better understand and demonstrate the
anatomy and connectivity of the region.
Results
Consistent patterns in colored FA map across all patients
improved visualization and identification of key anatomy in
the region of both the STN and the GPi.
Subthalamic nucleus and region
Major white matter bundles were also visible and clearly
distinguishable even when they were not readily definable
2080 Acta Neurochir (2010) 152:2079–2084on T1- and T2-weighted imaging especially in the
subthalamic region. The subthalamic nucleus could be
identified in the corner of the bundle of fibers with nigral
projections (Fig. 1). An unmistakable region of interest is
the posterior limb of the internal capsule (PLIC) because of
its large segment consistently contains a fairly homogenous
color.
The subthalamic region contained a consistent finding of
distinguishable tracts (Fig. 2). One of these tracts was the
internal capsule, which was most lateral on coronal
imaging. Immediately superior and medial to the internal
capsule was a region with fibers in an anterior–posterior
direction presumably containing many nigral projections.
The tract superior to this just below the thalamus was
Fig. 2 a Coronal imaging of FA map demonstrated a consistent
finding correlating with efficacious post-operative DBS insertion. The
region contains fiber bundles with different directionality exemplified
by the color differentiation in the subthalamic region. Cross-hairs
demonstrate STN as target. The coronal FA map also contained a
region connecting the upper fibers with the internal capsule which is
nearly parallel to the AC–PC line and typically where the tip of the
DBS would lie. Actual final electrode stereotactic trajectory placed on
coronal FA Map. b Higher magnification view of coronal FA Map. 1
Thalamus. Note heterogeneity of color coding. 2 Note posterior limb
of the internal capsule which is purple and blue in color indicating its
vertical trajectory. 3 The red area seen below the thalamus contains
the cerebello-rubro-thalamic tract, zona incerta, thalamic fasciculus. 4
The green area below this contains the subthalamic nucleus in its
corner, but also contains the subthalamic fasciculus and nigral
projections
Fig. 1 Data displaying color
map based on FA sequences.
Colors indicate direction of fiber
tracts (red transverse, blue
cranio-caudal, green anterior–
posterior). Axial, sagittal, and
coronal views are shown. Red
outline demonstrates location of
STN based on Schaltenbrand–
Wahren atlas
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cerebello-rubro-thalamic tracts, lemniscal fibers, fibers of
the thalamic fasciculus and Forel’s fields. This most
superior tract also typically included a band projecting
laterally to the internal capsule; this intersection also
contained the zona incerta and was at the intercommissural
plane.
Globus pallidus and region
Colored FA maps highlighted boundaries between major
gray and white matter regions, which can sometimes be
obscured on T1- or T2-weighted imaging. The boundaries
between the posterior limb of the internal capsule, the
thalamus, and the globus pallidus could be unambiguously
Fig. 3 GPi, 3 T MRI. Posteroventral GPi. External and internal lamina of GP are present. The heterogeneity seen in the globus pallidus and
putamen are appreciated and their borders distinguished by white matter tracts
Fig. 4 DTI Imaging of the
Pallidum and Subthalamic Re-
gion. Purple is pallidum, gold is
STN. Fibers can be seen tra-
versing portions of the subtha-
lamic nucleus and the globus
pallidus. Interconnectivity is
seen (FA 0.25 and Min fiber
length 15 mm)
2082 Acta Neurochir (2010) 152:2079–2084delineated using color FA maps (Fig. 3). Major white
matter tracts helped in this delineation because of their
confluent color. For example, the PLIC was mostly blue in
color. Conversely, regions such as the thalamus or globus
pallidus containing grey matter developed heterogeneity of
color with regional variation.
Diffusion tractography
Region of interest (ROI) was placed in the STN/GPI
nucleus as identified by the Schaltenbrand–Wahren atlas
and efficacious electrode placement. Tractography of these
ROIs demonstrated fibers entering or exiting the both
nuclei (Fig. 4). These fibers included the ansa lenticularis,
subthalamic tracts, and Forel’s field (FA 0.25 and minimum
fiber length of 15 mm).
Discussion
Diffusion tensor tractography has numerous applications in
neurosurgery. The raw images gathered for DTI images can
be processed yielding a directionally coded colored FA
map. These colored FA maps yield anatomic information
when studied in detail beyond that which is gathered by
conventional MRI sequences. DTI imaging has been shown
beneficial in studying white matter tracts and even used for
directed targeting [4, 5]. However, colored FA maps have
not been used to for DBS targeting thus far. We have also
noted recently that these color FA maps can be used to
identify regions of grey matter anatomy, even in the
thalamus. Enhancing the anatomical identification of major
tracts in the subthalamic and globus pallidus regions would
help with precise patient–specific targeting. Based on our
study, we feel that this region was clearly identified on both
1.5 T and 3.0 T MRI, which has applicability throughout
the neurosurgical community. Higher quality imaging and a
variation of these techniques will likely improve further the
visualization of these nuclei.
Identification of white matter tracts can be critical in
reducing the side-effects common to deep brain stimulation
while improving the benefits. For example, our previous
study had demonstrated through clinical data that the
common side effect of eye deviation during STN stimula-
tion may be due to white matter fiber tracts being activated
in the anterior limb of the internal capsule leading to the
frontal eye fields [13]. Our limitation of this technique was
that these exact tracts could not be individually visualized;
however, their regions are identified as well as their
anatomical associations. Further studies looking at proba-
bilistic connectivity may help evaluate this further. We have
identified the regions of the zona incerta, cerebello-rubro-
thalamic tract, and Forel’s fields in addition to the STN and
GPi nuclei with patient specific accuracy. This improved
visualization of these regions will improve our understand-
ing and guide targeting in the future.
Most deep brain stimulation techniques utilize a multi-
modality assessment of the MRI sequences, such as T1-, T2-
weighted,FLAIRsequences,followedbyuse ofthe atlas.The
colored FA form of MRI adds another level of anatomical
understanding. For many types of deep brain stimulation,
microelectrode recordings are also utilized intraoperatively
for precise targeting. Direct targeting of the subthalamic
nucleus isalsoa methodbasedonstudyofthe MRI sequences
[7]. This technique carefully takes into consideration the
nucleus itself improving the stereotactic technique. However,
the surrounding structures and white matter tracts may be
equally important. Once the electrode is turned on, the area
of activation may encompass both white and grey matter [8].
Therefore, close consideration of these structures will
certainly guide the future of this neurosurgical technique.
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